Abstract. Arrival times from intermediate-depth (110-150 km) earthquakes within the region of fiat subduction beneath the subandean zone and foreland basins of east-central Peru provide constraints on the geometry and velocity structure of the subducting Nazca plate. Hypocentral locations and origin times for these events were determined using observations from a 15 station digitally recording locator array deployed in the epicentral region of eastern Peru. Observed P wave arrival times for coastal stations in Peru, some 3-6 ø from the epicenters, are up to 4 s early relative to predicted arrival times based on the best fit velocity-depth model used for hypocenter locations. These large negative time residuals appear to be the result of propagation paths which have long segments in the colder, higher-velocity subducting plate. P wave travel times were modeled for the effects of the slab using three-dimensional (3-D) ray tracing. Computed ray paths show that travel times to coastal stations for the eastern Peru events can be satisfactorily modeled with average velocities relative to the surrounding mantle 6% lower within the uppermost slab (assumed on the basis of other studies to be unconverted basaltic oceanic crust 6 km thick) and 8% higher within the cold uppermost mantle of the slab. Ray tracing for this plate model shows that P wave "shadow zones" can occur if the source-slab-receiver geometry results in seismic rays passing through regions in which the dip angle of the slab changes significantly. Such geometries exist for seismic waves propagating to some coastal stations from intermediate-depth earthquakes located east of the Andes. Observed first-arrival times for such cases do in fact have smaller negative residuals than those for geometries which allow for "direct" paths at similar distances. Modeling such arrivals as internally reflected waves propagating through the high-velocity part of the plate produces a significant improvement in the travel time residuals. For the slab velocities given above, we obtain a model thickness of approximately 36 km for the cold slab interior and a slight northwest component of dip in the region of subhorizontal subduction.
[1981] slab model (Figure 3) The local network was operational for approximately 3 months, during which time a total of 512 (mostly unlocated) events were recorded, including 80 intermediate focal depth earthquakes (the PE85 data set) located
Data Processing
For the eastern portable network, P wave arrivals were read from the unfiltered vertical component seismograms while S wave arrivals were read from the horizontal components. The records typically exhibit simple waveforms, one example of which is shown for event E270 in Figure 4 .
Seismograms recorded at the coastal stations exhibit far greater complexity than do those of the portable network (e.g., Figure 5 ). To eliminate very high frequency noise, the seismograms were low-pass filtered using a four-pole Butterworth filter with an 8-Hz corner frequency.
Hypocenter Locations
Earthquakes in eastern Peru were located using observations from only the portable array. The accuracy of these locations is critical for the present study, which is based on travel time residuals of P waves traveling regional distances to coastal stations. The constraints imposed by observed travel time anomalies on the geometry and velocity structure of the subducting Nazca plate are significant only to the extent that the locations and origin times of the events are accurately known.
Early studies of the seismicity and, inferentially, of the geometry of the Nazca plate beneath central Table i and termed VMP85 (Velocity Model Peru 85), produced the smallest residuals for the 12 test events: an average rms residual of 0.29 s, with 70% of the events rated as quality B, and 23% rated C. Table 2 gives the hypocentral location and origin time for the three events used in this study. The estimated uncertainties in distance and depth at the S: I a level were less than 3 km. Origin time standard errors were less than 0.4 s. We make use of the fact that the subducting plate strikes approximately north-south to tabulate data that define the upper boundary of the slab, as longitude values corresponding to increments of 1 ø in latitude per 5-kin depth. Intermediate points are obtained using a cubic-spline interpolation procedure with no overshoot [ Wiggins, 1976] . The boundaries of the intermediate Three-dimensional ray tracing shows that the contortion introduced in the slab when the dip changes rapidly can produce P wave "shadow" zones where no direct ray path through the slab exists for certain event/station pairs. In such a case, ray paths leading to first arrivals involve scattering and/or reflections caused by velocity heterogeneities within the subducting plate. We simulate a subset of such ray paths, referred to henceforth as "festooning" rays, by allowing reflections from the bottom and top of the cold slab interior. We find that it is possible to get several arrivals within a few tenths of a second for such festooning rays, a result consistent with the emergent and complex first arrivals seen for these event-station pairs. (Festooning rays commonly exist for geometries for which a direct ray is possible, but because the festooning rays have a longer ray path, they will arrive after the direct arrival.)
The derived velocity model, given in

Travel Time Analysis to Coastal Stations
3-D Ray Tracing Results
The slab model which evolves from arrival time residual reduction based on 3-D ray tracing is a slightly modified version of the original Hasegawa and Sacks model. In that model the depth to the upper slab boundary in the region of subhorizontal subduction is a constant •100 km for all latitudes, and the combined thickness of the upper two layers is •50 km. As discussed above, all our models assume a 6-km-thick upper layer with a velocity contrast of-6%, a feature not included in the original Hasegawa and Sacks model.
Results for each of the three events studied are presented in the discussion that follows.
ElO1
Figure 6 is a map view of surface crossings of direct rays starting from the hypocenter for E101 and traced through the plate model. Equal steps in takeoff angle and in takeoff azimuth were used, with limits chosen so that rays to all coastal stations were included. It is clear from this figure that all stations can be reached by direct rays and that there are no severe focusing or defocusing effects. Figure 7 shows the direct-ray propagation path in a cross section obtained by projecting the slab and ray trajectory onto a great circle path between the epicenter and station GUA.
Arrivals which correspond to direct-ray paths constrain the velocity contrast within the high-velocity layer. Assuming that contrast to be a constant, we get the maximum variance reduction for a contrast of 8%. As shown in Table 3 , the travel time residuals to coastal stations GUA, PAR, and QUI are reduced substantially for the 3-D model compared to the 1-D model. The exception is the residual for NNA for which the 3-D models produce a larger residual: 1.3 compared to 0.5 s. We consider NNA for E101 to be anomalous, given that the 1-D residual at NNA for E101 is positive. (As noted above, NNA for E101 is the only case for which we had to rely on catalog readings of an analog record, rather than on our own reading of the seismogram. Based on other cases for which we had both catalog and direct readings, we anticipate this would make no more than a couple of tenths of a second difference.)
El81
El81 is the deepest of our events (•.150 km) and is at the greatest epicentral distance from coastal stations.
The northernmost stations CHI and ETE have substantially more negative residuals than do the more southern stations PAR and GUA even though those stations have greater epicentral distances (Table 3) (Table  3) . PAP• and GUA cannot be reached by direct rays, but for a different reason than that discussed for ray paths from El81. 
